Direct adaptive interval type-2 fuzzy logic controller for the multivariable anaesthesia system  by El-Bardini, Mohammad & El-Nagar, Ahmad M.
Ain Shams Engineering Journal (2011) 2, 149–160Ain Shams University
Ain Shams Engineering Journal
www.elsevier.com/locate/asej
www.sciencedirect.comELECTRICAL ENGINEERINGDirect adaptive interval type-2 fuzzy logic controller
for the multivariable anaesthesia systemMohammad El-Bardini, Ahmad M. El-Nagar *Department of Industrial Electronics and Control Engineering, Faculty of Electronic Engineering, Menoﬁa University,
Menof 32852, EgyptReceived 9 February 2011; revised 9 August 2011; accepted 25 August 2011
Available online 7 October 2011*
E-
ga
20
El
Pe
doKEYWORDS
Aneasthesia system;
Interval type-2 fuzzy sets;
Interval type-2 fuzzy logic
system;
Adaptive interval type-2
fuzzy logic controllerCorresponding author.
mail addresses: dralbardini@
r@menoﬁa.edu.eg (A.M. El-
90-4479  2011 Ain Shams
sevier B.V. All rights reserve
er review under responsibilit
i:10.1016/j.asej.2011.08.001
Production and hieee.org
Nagar).
Universit
d.
y of Ain
osting by EAbstract Direct adaptive fuzzy controller is a class of adaptive fuzzy controllers which use fuzzy
logic system (FLS) as controller. Interval type-2 fuzzy sets are able to model and minimize the
numerical and linguistic uncertainties associated with the inputs and outputs of fuzzy logic control-
ler (FLC). In this paper, a direct adaptive interval type-2 FLC is proposed for controlling the mul-
tivariable anaesthesia system to overcome the uncertainty problem that introduced by large inter
and intra-individual variability of the patient’s parameters. Simulation results show good perfor-
mance over a wide range of inter-individual variability of parameters. Also, results show better
performance for the proposed controller under the effect of intra-individual variability of parame-
ters than interval type-2 FLC. So, adaptive interval type-2 FLC affords some improvements in
performance over the interval type-2 FLC.
 2011 Ain Shams University. Production and hosting by Elsevier B.V.
All rights reserved.(M. El-Bardini), Ahmed_elna
y. Production and hosting by
Shams University.
lsevier1. Introduction
Anaesthesia is deﬁned as a branch of the medical science pro-
fession which ensures that the patient’s body remains insensi-
tive to pain and other stimuli during surgical operations. It
includes muscle relaxation (paralysis), unconsciousness (hyp-
nosis), and analgesia (pain relief). The ﬁrst two are concen-
trated in the operating theater, whereas the third is related to
postoperative conditions [1].
In practice, the anaesthetist has a number of clinical signs
and on-line measurements which can be used selectively for
the determination of the patient’s state such as blood pressure,
heart rate, and electroencephalography (EEG) pattern [2,3].
The aim of an anaesthesia control system is the automation
of some control tasks of the anaesthetist in normal situation
to avoid dangerous situations; the anaesthetist should always
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Figure 1 A two compartmental model for atracurium with an
additional elimination path.
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[4]. Two methods for controlling drug administration are com-
monly known, open and closed loop control. When the anaes-
thetist makes a decision to maintain or change a desired target
drug dose, concentration or clinical effect, this is called open
loop control. Closed loop controllers are computer programs
designed to maintain a targeted effect by adapting the admin-
istered amounts of drug. In closed loop control, the anaesthe-
tist enters only the desired variables to be maintained [5]. Two
drugs, atracurium and isoﬂurane, are commonly used for gen-
eral anaesthesia. These drugs interact the anaesthesia and mus-
cle relaxation signs that are the mean arterial blood pressure
(MABP) and the evoked electromyogram (EMG) respectively
[6].
There are two main problems in multivariable anaesthesia
system. First, the nonlinear structure in the so-called pharma-
codynamics for the relaxant drugs behaviour may be make the
muscle relaxation level to saturate with any large control dose.
Second, there is a great uncertainty inherited from the large in-
ter-individual and intra-individual variability of the patient’s
parameters and the large delay time of this process. Hence,
these problems make the multivariable anaesthesia system is
a very challenging one. The generalized predictive control
(GPC) algorithm and the self-organized fuzzy logic control
(SOFLC) have been proposed to deal with the multivariable
anaesthesia problem [3]. A novel neural network-based control
scheme has been also proposed to deal with such problem [7].
Type-1 FLC has been also proposed to deal with anaesthesia
system [4,8–10].
The adaptive fuzzy controllers are classiﬁed into direct and
indirect adaptive fuzzy controller. A direct adaptive fuzzy con-
trollers use FLS as controllers; therefore, linguistic fuzzy
control rules can be directly incorporated into the controllers.
On the other hand, indirect adaptive fuzzy controllers use FLS
to model the plant and construct the controllers assuming that
the FLS represent the true plant. Therefore, fuzzy IF-THEN
rules describing the plant can be directly incorporated into
indirect adaptive fuzzy controller [11].
The concept of type-2 fuzzy sets is an extension of the con-
cept of the ordinary fuzzy sets (type-1 fuzzy sets). A type-2 fuz-
zy set is characterized by a fuzzy membership function, i.e., the
membership grade for each element of this set is a fuzzy set in
[0,1], unlike type-1 fuzzy set where the membership grade is a
crisp number in [0,1] [12]. Therefore, type-2 fuzzy set provides
additional degrees of freedom that can make it possible to di-
rectly model and handle the uncertainties [13]. The interval
type-2 fuzzy logic control (IT2-FLC) is a special case of the
type-2 fuzzy logic system [14]. IT2-FLCs have been applied
to various ﬁelds with great success [12,14–23].
IT2-FLC has been proposed to deal with the multivariable
anaesthesia system previously [24] and it affords some
improvements in performance over type-1 FLC. The aim of
this paper is to implement adaptive interval type-2 FLC
(AIT2-FLC) to the multivariable anaesthesia system and com-
pare it with IT2-FLC to test the robustness of AIT2-FLC to
provide some improvements in performance over IT2-FLC un-
der the effect of inter and intra- individual variability of pa-
tient’s parameters.
This paper can be organized as follows. The description of
the mathematical model of the multivariable anaesthesia
system is presented in Section 2. In Section 3, the adaptive
interval type-2 fuzzy logic system is presented. Theadaptive IT2-FLC for multivariable anaesthesia system is gi-
ven in Section 4. Section 5 presents the simulation results fol-
lowed by the conclusions and the related references.
2. Multivariable anaesthesia model
This section describes the multivariable anaesthesia model
combining the muscle relaxation and the depth of anaesthesia.
Two drugs are used as inputs to the model, the atracurium (for
producing muscle relaxation) and the isoﬂurane (for depth of
anaesthesia) which is an inhalational drug commonly used in
modern surgery. The individual pathways are described as fol-
lows [3]:
2.1. Atracurium mathematical model
To identify the muscle relaxation process associated with
atracurium drug, pharmacological modeling is commonly used
to describe the metabolism of such drug. Pharmacological
modeling comprises two main categories known as pharmaco-
kinetics and pharmacodynamics. Pharmacokinetics studies the
relationship that exists between drug dose and drug concentra-
tion in the blood plasma as well as other parts of the body.
Interpretation of this relationship can be given a mathematical
meaning via the concept of compartmental models. Using this
concept the body consists of several compartments each repre-
senting one part of the body that involves the drug metabo-
lism. Pharmacodynamics, however, is concerned with the
drug concentration in the blood and the effect produced.
2.1.1. Pharmacokinetics
The pharmacokinetics studies what the body does to the drug.
It has been shown that after a drug injection, the plasma con-
centration of atracurium declines rapidly in two exponential
phases corresponding to distribution and elimination. There-
fore, a conventional two compartmental model is used by add-
ing an elimination path from the peripheral compartment as
depicted in Fig. 1.
Assume xi is the drug concentration at time t, _xi its rate of
change, and u the drug input, then:
_x1 ¼ ðk10 þ k12Þx1 þ k21x2 þ u1
_x2 ¼ k12x1  ðk20 þ k21Þx2
ð1Þ
where k12 and k21 are the rate constants between two compart-
ments. The rate constants k10 and k20 characterizes the drug
elimination from two compartments.
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To identify the drug effect, a third compartment known as the
‘‘effect compartment’’ has been introduced to the atracurium
kinetics. It is connected to the central compartment by a ﬁrst
order rate constant k1E, whereas the rate constant kE0 charac-
terizes the drug dissipation from the effect compartment, as
shown in Fig. 2. In this latter compartment, the drug concen-
tration change is governed by the following equation:
_xE ¼ k1Ex1  kE0xE ð2Þ
The Hill equation may be used to relate the effect to a speciﬁc
blood concentration of drug:
Eeff ¼ Emax
1þ XEð50Þa
Xa
E
ð3Þ
where Eeff, Emax, XE(50) are the drug effect produced (paraly-
sis), the maximum drug effect (100% paralysis), and the drug
concentration at 50% effect, respectively. The values of
XE(50) and a depend on the patient, where may be change
from patient to other.
Using Laplace transform for Eqs. (1) and (2) and combin-
ing two equations leads to:
G11ðsÞ ¼ XE
U1
¼ K1e
s1sð1þ T4SÞ
ð1þ T1SÞð1þ T2SÞð1þ T3SÞ ð4Þ
where U1 is the atracurium drug input. The values of parame-
ters K1, s1, T1, T2, T3 and T4 depend on the patient and may be
change from patient to other. Finally, the overall nonlinear
atracurium mathematical model is obtained by combining
Eq. (4) together with Hill Eq. (3).
Fig. 3 shows a series of Hill equation for different parame-
ters of a and XE (50). For nominal Hill equation values, a lin-
earized gain for operating points ranges from 0.85 to 0.95 for
paralysis can lead to difﬁculties due to the curved shapes
around this region. Also, the patient-to-patient parameter var-
iability can affect the nonlinearity shape (uncertainty) by mak-
ing it steeper or more ﬂat. All these considerations make the
muscle relaxation process a very challenging one.
2.2. Isoﬂurane mathematical model
Depth of anaesthesia (Unconsciousness) is deﬁned as being the
state in which the body is insensitive to pain or other stimuli.
There is no direct method of measuring depth of anaesthesia.
Consequently, anaesthetists have to resort to the merger ofEffect Compartment
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Figure 2 Modiﬁcation of the atracurium kinetics to include the
effect compartment E.several clinical signs such as blood pressure, respiration, etc.
to obtain the closed possible indication of how well the patient
is anaesthetized. Indeed, in a study conducted in [3], anaesthe-
tists were asked to rank the relative importance of ten clinical
signs. These signs were ranked on a scale 1–10 based on the
mean value provided by these anaesthetists. From these ten
clinical signs, blood pressure (in terms the change of the mean
arterial blood pressure) has been selected as one variable to
give indication of depth of anaesthesia.
The transfer function which described the variation of
mean arterial blood pressure to small changes in inhaled isoﬂu-
rane concentration is given by:
G22ðsÞ ¼ DMABP
U2
¼ K2e
s2s
ð1þ T5SÞ ð5Þ
where DMABP is the change in the mean arterial blood pres-
sure, U2 is the isoﬂurane drug input, and the values of param-
eters s2, T5 and K2 depend on the patient.2.3. Interactive component model
2.3.1. Atracurium to mean arterial blood pressure (DMABP)
interaction
This interaction has been investigated in human begins and
there seems to be small (clinically insigniﬁcant) changes in
blood pressure.
2.3.2. Isoﬂurane to muscle relaxation interaction
In order to identify this type of interaction which is small but
signiﬁcant, an experiment was performed in [3]. As a result of
this experiment, the overall describing the effect that isoﬂurane
on muscle relaxation is given by:
G12ðsÞ ¼ K4e
s3s
ð1þ T6SÞð1þ T7SÞ ð6Þ
where the values of parameters K4, s3, T6 and T7 depend on the
patient.
2.4. The overall multivariable anaesthesia model
The overall linear multivariable system combining muscle
relaxation together with anaesthesia (in terms of mean arterial
blood pressure measurements) without including the nonlinear
part, the linear multivariable anaesthesia can be summarized
as follows:
paralysis
DMABP
 
¼ G11ðsÞ G12ðsÞ
0 G22ðsÞ
 
U1
U2
 
ð7Þ
where, G11(s), G22(s) and G12(s) are deﬁned in Eqs. (4)–(6). The
two inputs, U1 and U2 are the atracurium and isoﬂurane drugs
respectively.
Finally, the overall nonlinear multivariable system combin-
ing all the effects is obtained by including the nonlinearity de-
scribed previously contained in the muscle relaxation path.
3. Adaptive interval type-2 fuzzy logic system
3.1. Interval type-2 fuzzy sets
A type-2 fuzzy set (T2-FS) is denoted as eA which is character-
ized by a type-2 membership function leAðx; Þ in Eq. (8). leAðx; Þ
Figure 4 Interval type-2 fuzzy set with uncertain mean.
Figure 3 Graph showing the shape of the various nonlinearity curves used in the system and model.
152 M. El-Bardini, A.M. El-Nagaris a secondary grade, which is the amplitude of a secondary
membership function; i.e., 0 6 leAðx; Þ 6 1: The domain of a
secondary membership function is called the primary member-
ship of x. In Eq. (8), Jx is the primary membership of x, where
e Jx ˝ [0, 1] "x e X; is a fuzzy set in [0,1], rather than a crisp
point [0,1] [25].
eA ¼ Z
x2X
Z
2Jx
leAðx; Þ=ðx; Þ Jx# ½0; 1 ð8Þ
When leAðx; Þ ¼ 1;"v e Jx ˝ [0, 1], then the secondary mem-
berships are interval sets such that eA in Eq. (8) can be called an
interval type-2 fuzzy set [20]. Therefore, the type-2 fuzzy set
can be rewritten as:
eA ¼ Z
x2X
Z
2Jx # ½0;1
1=ðx; Þ ¼
Z
x2X
Z
2Jx # ½0;1
1=
" #,
x ð9Þ
Also, a Gaussian primary membership with uncertain mean
and ﬁxed standard deviation having an interval type-2 second-
ary membership can be called an interval type-2 Gaussian
membership. A two dimension interval type-2 Gaussian mem-
bership with an uncertain mean in [m1, m2] and a ﬁxed stan-
dard deviation r is shown in Fig. 4. It can be expressed as:
leAðxÞ ¼ exp  12 xmr 2
 
; m 2 ½m1;m2 ð10Þ
The type-2 fuzzy set that is in a region called footprint of
uncertainty (FOU), and bounded by an upper membership
and a lower membership, which are denoted as leAðxÞ and
leAðx0Þ; respectively.
In this paper, the input and output variables will be repre-
sented by IT2-FSs as they are simpler to work with than gen-
eral T2-FSs and distribute the uncertainty evenly among all
admissible primary memberships [26].
3.2. Interval type-2 fuzzy logic controller
The basics of fuzzy logic do not change from T1 to T2 sets, and
in general, will not change for any type-n [27]. A higher-type
number just indicates a higher ‘‘degree of fuzziness’’. Since a
higher type changes the nature of the membership functions,the operation that depend on the membership functions
change, however, the basic principle of fuzzy logic are indepen-
dent of the nature of membership functions and hence, do not
change [12].
The IT2-FLC contains four components fuzziﬁer, inference
engine, rule base, and output processing that is inter-connected
as shown in Fig. 5 [28]. The IT2-FLC works as follows [15]: the
crisp input is ﬁrst fuzziﬁed into input IT2-FSs. The input IT2-
FSs then activate the inference engine and the rule base to pro-
duce output IT2-FSs. The IT2-FLC rules will remain the same
as in T1-FLC, but the antecedents and/or the consequent will
be represented by IT2-FSs. The IT2 fuzzy outputs of the infer-
ence engine are then processed by the type reducer, which com-
bines the output sets and performs a centroid calculation that
leads to T1-FSs called the type-reduced sets. After the type
reduction process, the type-reduced sets are defuzziﬁed (by
taking the average of the type-reduced set) to obtain crisp
outputs.
Consider a type-2 FLS having p inputs x1 e X1, . . ., xp e Xp
and one output y e Y. The type-2 fuzzy rule base consists of a
collection of IF-THEN rules. Assuming M rules and the rule
of a type-2 can be expressed as:
Fuzzifier
Output processing
Fuzzy
Output Sets
Fuzzy
Input Sets
Crisp
Outputs 
Type- 
reduced
set
Rules
Inference
Type-reducer
Defuzzifier
psirC
Input
Figure 5 Interval type-2 fuzzy logic controller.
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¼ 1; 2; . . . ;M ð11Þ
where eFijs are antecedent type-2 sets (j= 1, 2, . . ., p) and eGls
are consequent type-2 sets.
The inference engine combines rules and gives a mapping
from input type-2 fuzzy sets to output type-2 fuzzy sets. To
achieve this process, we have to compute unions and intersec-
tions of T2-FSs, as well as compositions of type-2 relations.
The output of inference engine block is a T2-FS, so we have
to use extended version of type-1 defuzziﬁcation methods.
The extended defuzziﬁcation operation in the type-2 case gives
a T1-FS at the output. Since this operation takes us from the
type-2 output sets of the IT2-FLS to a T1-FS, we call this oper-
ation type-reduction and call the type-1 set so obtained a type-
reduced set [27]. There are several methods of type-reduction.
The ‘‘center-of-sets’’ type reduction will be used in this paper
and can be expressed as:
Ycos ¼ ½yl; yr ¼
Z
y1
. . .
Z
yM
Z
f1
. . .
Z
fM
1=
PM
i¼1f
iyiPM
i¼1f
i
ð12Þ
where Ycos is the interval set determined by two end points yl
and yr and f
i e Fi = [fi, fi] An interval T2-FLS with singleton
fuzziﬁcation and meet under minimum t-norm fi and fi can
be obtained as:
fi ¼ min½leFi
1
ðx1Þ; . . . ; leFipðxpÞ ð13Þ
and
fi ¼ min½leFi
1
ðx1Þ; . . . ; leFipðxpÞ ð14Þ
Also, yi e Yi and yi ¼ ½yil; yir is the centroid of the type-2 inter-
val consequent set eGi: Therefore, the left-most point yl and the
right-most point yr can be expressed as:
yl ¼
PM
i¼1f
i
ly
i
lPM
i¼1f
i
l
and yr ¼
PM
i¼1f
i
ry
i
rPM
i¼1f
i
r
ð15Þ
The defuzziﬁed crisp value from an IT2-FLS is obtained as:
y ¼ yl þ yr
2
ð16Þ3.3. Adaptive interval type-2 fuzzy logic system
An adaptive fuzzy controller that uses fuzzy logic system as
controller is direct adaptive fuzzy controller therefore;linguistic fuzzy control rules can be directly incorporated into
the controller [11]. In this section, we use a direct adaptive con-
troller that is called the fuzzy model reference learning control
(FMRLC) [29] with interval type-2 fuzzy logic system. The
functional block diagram for the FMRLC is shown in
Fig. 6. It has four main parts: the plant, the interval type-2 fuz-
zy controller to be tuned, the reference model, and the learning
mechanism (an adaptation mechanism). Basically, the fuzzy
control system loop (the lower part of Fig. 3) operates to make
y(kT) track r(kT) by manipulating u(kT), while the upper level
adaptation control loop (the upper part of Fig. 3) seeks to
make the output of the plant y(kT) track the output of the ref-
erence model ym(kT) by manipulating the fuzzy controller
parameters.
The plant and the IT2-FLC were described earlier in Sec-
tions 2 and 3.2, respectively. Now, we will describe the other
components of the FMRLC in more detail.
3.3.1. Reference model
The desired performance for the system is depending on the se-
lect of the model reference. For anaesthesia system, the control
objective is to attain an adequate of anaesthetic level without
any overshoot [5]. So, it is desired to have the response track
the continuous time model that in Eq. (17).
GðsÞ ¼ 1
ssþ 1 ð17Þ
where s is the time constant of the reference model and it
depending on the time constant of he multivariable anaesthesia
system.
3.3.2. The learning mechanism
The learning mechanism tunes the rule-base of the direct IT2-
FLC so that the closed-loop system behaves like the reference
model. The learning mechanism consists of two parts: a ‘‘fuzzy
inverse model’’ and a ‘‘knowledge-base modiﬁer’’. The fuzzy
inverse model performs the function of mapping ye(kT) (repre-
senting the deviation from the desired behavior), to changes in
the process inputs p(kT) that are necessary to force ye(kT) to
zero. The knowledge-base modiﬁer performs the function of
modifying the IT2-FLC rule-base to affect the needed changes
in the process inputs.
Assume that we use symmetric output membership func-
tions for the fuzzy controller, and let Cm denote the center of
the membership function. Knowledge base modiﬁcation is per-
formed by shifting center Cm of the membership functions of
the output linguistic value that associated with the fuzzy
Figure 6 Block diagram of FMRLC with IT2-FLC.
154 M. El-Bardini, A.M. El-Nagarcontroller rules that contributed to the previous control action
u(kT  T).This is a two step process:
 Find all the rules in the fuzzy controller whose premise
certainty
liðeðkT TÞ; cðkT TÞÞ > 0 ð18Þ
and call it the ‘‘active set’’ of the rules at time kT  T.
 Let Cm(kT) denote the center of the mth output member-
ship function at time kT. For all rules in active set, use
CmðkTÞ ¼ CmðkT TÞ þ pðkTÞ ð19Þ
to modify the output membership functions centers. The rules
that are not in the active set do not have their output member-
ship functions modiﬁed.4. Adaptive IT2-FLC for multivariable anaesthesia system
The AIT2-FLC was presented in detail in the previous section.
Now, we present the block diagram of FLC for multivariable
anaesthesia system which is used in block diagram of FMRLC.
Fig. 7 shows the block diagram for the multivariable anaesthe-
sia control system. The controller block in this ﬁgure may be
IT2-FLC or AIT2-FLC. It have four inputs; the error signals
(e1 and e2) and the change in error signals (De1 and De2),
and two outputs: the control signal (u1) that is applied to syr-
inge pump to produce the desired amount of drug 1 (Atracuri-
um) and the control signal (u2) that is applied to vaporizer to
produce the desired amount of drug 2 (Isoﬂurane). EMG sen-
sor is used to produce the EMG signal which represents the
muscle relaxation (paralysis level) and then, it is compared
with set-point (Ref1) to obtain e1. The blood pressure sensor
is used to produce the DMABP signal that is compared with
set-point (Ref2) to obtain e2.The initial inputs and outputs membership functions for
AIT2-FLC are shown in Fig. 8. Each input and output of
FLC consists of ﬁve linguistic labels; negative big (NB), nega-
tive medium (NM), negative small (NS), zero (Z), positive
small (PS), positive medium (PM), positive big (PB), small
(S), medium (M), and Big (B). The rule base for control signals
u1 and u2 are shown in Tables 1 and 2 respectively. The values
of u1 and u2 are calculated by using the ‘‘center-of-sets’’ type
reduction and then we perform defuzziﬁcation process to ob-
tain crisp value.
5. Simulation results
In order to show the improvement of the proposed AIT2-FLC,
the IT2-FLC proposed previously [24] is also implemented for
comparison purposes. Anaesthestic drugs normally have stable
and slow acting response, consequently, step response is the
most common identiﬁcation procedure used by clinicians [3].
During surgical operations in theatre the anaesthetist who is
normally specify the set-point of muscle relaxation and blood
pressure [3,5]. In these simulation tasks, the initial conditions
were 0%paralysis and sampling periodwas 1 min. The set-point
command signal formuscle relaxation and change in blood pres-
sure were 0.8 (80% paralysis  20% EMG) and 30 mmHg
respectively. These values of set-point for the muscle relaxation
and the mean arterial blood pressure were used practically pre-
viously [3]. The control signal 1 was limited between 0 and 1 for
the atracurium drug input and between 0% and 5% for the iso-
ﬂurane input (control signal 2). For anaesthesia system, the con-
trol objective is to attain and maintain an adequate of
anaesthetic level without any overshoot. This is the maintaining
of a steady level of muscle relaxation and blood pressure with
minimum deviation from set-point [3,5]. The simulation results
were divided into the following three tasks.
5.1. Task 1: Normal case
It concerns with the controller performance when the multivar-
iable parameters are set to its nominal values, which are
Figure 8 The inputs and outputs MFs.
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Figure 7 The block diagram of FLC for multivariable anaesthesia system.
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T3 = 3.08 min, T4 = 10.64 min, s2 = 25 s, T5 = 2 min,
K2 = 15 mmHg/%, K4 = 0.27, s3 = 1 min, T6 = 1.25 min,
T7 = 2.83 min, XE(50) = 0.404 lg ml
1, and a = 2.98).
Fig. 9 shows the response of multivariable anaesthesia sys-
tem in normal case for IT2-FLC and AIT2-FLC. It is clear
that the response of muscle relaxation and blood pressure
reach the desired values without any overshoot and steady
state error for both IT2-FLC and AIT2-FLC.5.2. Task 2: The inter-individual variability of the patient’s
parameters
In this test the parameters changes from patient to patient for
IT2-FLC and AIT2-FLC. The model parameters are chosen in
a random manner using the Monte–Carlo method. The model
parameters can be chosen according to the following formula:
par ¼ parmin þ Randomðparmax  parminÞ ð20Þ
Table 1 Rule based for control signal 1.
CE E
N Z S M B
NB N Z M B B
NM N S M B B
NS N S B B B
Z N M B B B
P Z M B B B
Table 2 Rule based for control signal 2.
CE E
NB NM NS Z P
N VB VB B M S
Z VB VB B M S
PS VB B B M S
PM VB B B M Z
PB VB B M M Z
156 M. El-Bardini, A.M. El-Nagarwhere 0 < Random< 1, and is obtained from a random num-
ber generator. The parmin and parmax values for each parameter
were chosen to reﬂect probable pharmacological ranges known
to exist. In this way many combinations could be produced.
According to this method, we have ten cases in parameters
changes [3]. In this paper, we selected only two of these to
be presented for discussion.
Case1: K1 = 2.07, s1 = 1 min, T1 = 2.27 min, T2 =
15.70 min, T3 = 5.54 min, T4 = 10.30 min, s2 = 25 s,Figure 9 The response of multivariT5 = 1.49 min, K2 = 13.61 mmHg/%, K4 =
0.25, s3 = 1 min, T6 = 1.18 min, T7 = 2.57 min, XE(50) =
0.5 lg ml1, and a = 2.98.
The response of the multivariable anaesthesia system for
this case is shown in Fig. 10. For IT2-FLC, there is a good per-
formance for muscle relaxation and there is a deviation from
set-point in the performance of blood pressure. For AIT2-
FLC, the response of muscle relaxation and blood pressure
reach the set-point without steady state error. So, AIT2-FLC
is better than IT2-FLC in the performance of blood pressure.
Case2: K1 = 2.01, s1 = 1 min, T1 = 2.54 min,
T2 = 27.88 min, T3 = 4.17 min, T4 = 14.89 min, s2 =
25 c, T5 = 1.57 min, K2 = 17.26 mmHg/%, K4 = 0.24,
s3 = 1 min, T6 = 1.19 min, T7 = 2.79 min, XE(50) =
0.5 lg ml1, and a = 2.98.
Fig. 11 shows the response of the system in this case. It is
clear that, for IT2-FLC there is a deviation from set-point in
the response of muscle relaxation and blood pressure. The re-
sponse of muscle relaxation and blood pressure is good for
AIT2-FLC. So, AIT2-FLC is better one for both the perfor-
mance of muscle relaxation and blood pressure because there
is not a deviation from set-point for both two outputs under
the effect of inter-individual variability of patient’s parameters.
5.3. Task 3: The intra-individual variability of the patient’s
parameters
In this task the parameters are changed for the patient during
surgery. For the ﬁrst 100 min the parameters are the same asable anaesthesia system (Task 1).
Figure 10 The response of multivariable anaesthesia system (Task 2 – Case 1).
Figure 11 The response of multivariable anaesthesia system (Task 2 – Case 2).
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Figure 12 The response of multivariable anaesthesia system (Task 3).
Table 3 The ITAE values of the T1-FLC, IT2-FLC and AIT2-FLC for multivariable anaesthesia.
T1-FLC [24] IT2-FLC AIT2-FLC
ITAE muscle
relaxation
ITAE blood
pressure
ITAE muscle
relaxation
ITAE blood
pressure
ITAE muscle
relaxation
ITAE blood
pressure
Task1 38 341 30 253 27 27
Task 2 (Case 1) 87 12147 21 9068 17 21
Task 2 (Case 2) 235 8334 213 6229 27 213
Task 3 12,055 75,522 981 57,466 214 981
Table 4 The ISE values of the T1-FLC, IT2-FLC and AIT2-FLC for multivariable anaesthesia system.
T1-FLC [24] IT2-FLC AIT2-FLC
ISE muscle
relaxation
ISE blood
pressure
ISE muscle
relaxation
ISE blood
pressure
ISE muscle
relaxation
ISE blood
pressure
Task1 2.69 1334 2.64 1333 2.58 1332
Task 2 (Case 1) 2.65 1799 2.59 1550 2.3 1261
Task 2 (Case 2) 3.23 1349 3.12 1246 2.63 1110
Task 3 3.10 1925 2.84 1789 2.66 1366
158 M. El-Bardini, A.M. El-Nagarnominal values. The parameters changed as described in Task
2 (Case 1) from iteration 100–200 and there change as de-
scribed in Task 2 (Case 2) from iteration 200 to the end of
simulation.Fig. 12 shows the comparison between IT2-FLC and AIT2-
FLC under the effect of intra- individual variability of the
patient’s parameters. For IT2-FLC the response of muscle
relaxation is good for the ﬁrst 200 iteration but, there is a
Table 5 The RMSE values of the T1-FLC, IT2-FLC and AIT2-FLC for multivariable anaesthesia system.
T1-FLC [24] IT2-FLC AIT2-FLC
RMSE muscle
relaxation
RMSE blood
pressure
RMSE muscle
relaxation
RMSE blood
pressure
RMSE muscle
relaxation
RMSE blood
pressure
Task1 0.164 3.652 0.162 3.651 0.160 3.649
Task 2 (Case 1) 0.163 4.241 0.161 3.937 0.151 3.55
Task 2 (Case 2) 0.180 3.673 0.176 3.529 0.162 3.331
Task 3 0.102 2.533 0.097 2.441 0.094 2.133
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sponse of blood pressure is good only for the ﬁrst 100 iteration
because there is a deviation from set-point for the last 200 iter-
ation. For AIT2-FLC the performance of muscle relaxation
and blood pressure is good and there is not a deviation from
set-point for both two outputs for all iteration. So, AIT2-
FLC has the ability to respond the intra- individual variability
of patient’s parameters rather than IT2-FLC.
To show the visual indications of control performance, an
objective measure of error performance over the simulation
run was made using integral of square of errors (ISE), integral
of time and absolute error (ITAE) and root mean square error
(RMSE) criteria. ISE, ITAE and RMSE are deﬁned in Eqs.
(21) and (22) respectively. Tables 3–5 show the ITAE, ISE
and RMSE values for T1-FLC, IT2-FLC and AIT2-FLC
respectively for all the above tasks simulation. The unit of time
for the ITAE criterion was minutes in each case. The criteria
were evaluated over the whole 100 min run in Tasks 1 and 2
and over the whole 300 min run in the Task 3.
ISE ¼
Z 1
0
½eðtÞ2dt ð21Þ
ITAE ¼
Z 1
0
tjeðtÞjdt ð22Þ
RMSE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
N
XN
i¼1ðeðtÞÞ
2
r
ð23Þ
In general, for the blood pressure the ITAE, ISE and
RMSE values were greater than for muscle relaxation, simply
because of non-normalized values for blood pressure. As
shown in the Tables all the ITAE, ISE and RMSE values ob-
tained with AIT2-FLC are lower than those obtained using
IT2-FLC and T1-FLC.
6. Conclusions
In this paper, a direct AIT2-FLC is proposed to deal with the
multivariable anesthesia system. We have tested the proposed
controller by using three simulation tasks including the inter
and intra-individual variability of the patient’s parameters.
All simulation results for proposed controller were compared
with T1-FLC and IT2-FLC that implemented for controlling
the multivariable anaesthesia system and published previously.
Results show that the proposed controller is able to respond
the uncertainty that introduced by large inter and intra-
individual variability of patient’s parameters. The proposed
controller is better than IT2-FLC because there is no a
deviation from set-point for both muscle relaxation and blood
pressure. So, the proposed controller is superior to IT2-FLCand T1-FLC that published previously for controlling the mul-
tivariable anaesthesia system.Acknowledgment
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